NAD+-dependent formate dehydrogenase was screened in various bacterial strains. Facultative methanolutilizing bacteria isolated from soil samples, acclimated to a medium containing methanol and formate at pH 9.5, were classified as members of the genus Moraxella. From a crude extract of Moraxella sp. strain C-1, formate dehydrogenase was purified to homogeneity, as judged by disc gel electrophoresis. The enzyme has an isoelectric point of 3.9 and a molecular weight of approximately 98,000. The enzyme is composed of two identical subunits with molecular weights of about 48,000. (9, 17, 24, 30) . While NAD+-dependent formate dehydrogenases from methanol-utilizing yeasts have been well characterized (11, 12, 15, 25) , the bacterial enzymes have been purified to homogeneity and their properties have been investigated only in Pseudomonas oxalaticus (21) and Achromobacter parvulus (7, 8) . There has been no report of the utilization of methanol or formate by a Moraxella strain. In this study, we screened for a stable NAD+-dependent formate dehydrogenase from methanolutilizing bacteria, and we purified and characterized the enzyme from Moraxella sp. strain C-1, isolated from soil in an alkaline medium.
3-(p-nitrophenyl)-5-phenyltetrazolium chloride was purchased from Dojin Chemicals, Kumamoto, Japan; Coomassie brilliant blue R-250 was purchased from Fluka AG, Buchs, Switzerland; and hydroxyapatite was purchased from Wako Pure Chemicals, Osaka, Japan.
Screening of formate dehydrogenase-producing strains. Formate dehydrogenase activities were measured for bacterial strains from type culture collections and microorganisms isolated from soil samples. Strains from type culture collec-* Corresponding author.
tions included eight strains of six genera of bacteria (28, 29) . They were obtained from stock cultures of the Institute for Microbiology, University of Tokyo, Tokyo, Japan; the Northern Regional Research Laboratory, Peoria, Ill.; the National Collection of Industrial Bacteria, Torry Research Station, Aberdeen, Scotland; and our laboratory. Basal medium consisted of 2 g of K2HPO4, 2 g of (NH4)2SO4, 1 g of NaCl, 0.2 g of MgSO4 7H21, 0.5 g of yeast extract (Oriental Yeast), 0.02 pxg of biotin, 4 ,ug of calcium pantothenate, 20 ,ug of inositol, 4 jig of nicotinic acid, 4 ,ug of thiamine hydrochloride, 2 jig of pyridoxine hydrochloride, 2 ,ug of p-aminobenzoic acid, 2 ,ug of riboflavin, and 0.1 jLg of folic acid in 1 liter of tap water (pH 7.0). Basal medium supplemented with 0.8% (wt/vol) methanol, 1% sodium formate, and 1% sodium carbonate was used as an enrichment medium. The pH of the enrichment medium was 9.5. Methanol and sodium carbonate were added after the medium was autoclaved. About 100 soil samples from Sagamihara in the Kanagawa Prefecture, Japan, were suspended in 200 ml of the enrichment medium in a 500-ml Erlenmeyer flask and incubated at 30°C on a rotary shaker. Half of the supernatant was removed every other day, and the same volume of the fresh medium was added. Consumption of methanol in the enrichment medium was monitored by a gas-liquid chromatograph (model 802; Ohkura, Tokyo, Japan) with a glass column of Porapack Q (Waters Associates, Inc., Milford, Mass. strate. The enzyme activity was measured at 25°C in a reaction mixture (1.0 ml) containing 100 mM sodium formate, 100 mM potassium phosphate buffer (pH 7.5), 2.5 mM NAD+, and the enzyme. A reaction mixture giving a linear change in absorbance for at least 2 min was used in the kinetic study, and the absorbance change for the initial 5 s was used for the calculation. One unit of the enzyme is defined as the amount of enzyme that catalyzed the formation of 1 ,umol of NADH per min. Protein was determined by the method of Lowry et al. (20) or from the A280.
Hydroxypyruvate reductase (26) and 3-hexulose phosphate synthase (10) activities were measured as described previously. Formaldehyde was assayed according to the method of Nash (22) .
Purification of formate dehydrogenase from Moraxella sp. strain C-1. Moraxella sp. strain C-1 was cultivated in a 2-liter flask containing 600 ml of basal medium with 0.8% (wt/vol) methanol. Cells harvested from 8 lots of 600-ml cultures (13.2 g [wet weight]) were washed and suspended in 200 ml of 0.1 M buffer. All the procedures, except HPLC column chromatography, were carried out at 0 to 5°C. The cells were disrupted (2 h total), and the cell debris was removed by centrifugation at 14,000 x g for 20 min. The enzyme solution was fractionated with ammonium sulfate (30 to 60% saturation). The active precipitate was dialyzed and applied first on a DEAE-cellulose column (2.6 by 15 cm), equilibrated with 0.01 M buffer. Ammonium sulfate was added (30% saturation) to the active fractions eluted with 0.1 M buffer, and the fractions were then applied to a Butyl-Toyopearl column (2.6 by 9.5 cm), equilibrated with 0.01 M buffer containing ammonium sulfate (30% saturation). The active enzyme fraction eluted with a linear gradient of ammonium sulfate (30 to 0% saturation) in 0.01 M buffer. The active fractions were combined, dialyzed, concentrated by ultrafiltration, and then applied to a Sephadex G-100 column (1.7 by 120 cm), which had been equilibrated with 0.05 M buffer containing 0.1 M NaCl. The enzyme solution concentrated by ultrafiltration was then applied to a G-3000 SW column (0.75 by 60 cm; Tosoh) in an HPLC system (SP-8700; Tosoh) and was eluted at a flow rate of 0.5 ml/min at room temperature by a buffer consisting of 0.1 M potassium phosphate buffer (pH 7.0) with 0.2 M NaCl. The active fractions were combined and concentrated by ultrafiltration.
Other methods. The molecular weight of the enzyme was calibrated by a gel filtration with the G-3000 SW column (2) , and the enzyme was eluted as described above. Electrophoresis and calibration of the molecular weight of the subunit of the enzyme were carried out on polyacrylamide gels with or without sodium dodecyl sulfate (SDS), as described previously (2). Isoelectric focusing (2) and N-terminal amino acid sequencing (1) of the purified enzyme were carried out as described previously. Formate dehydrogenase was stained for its activity with a solution containing 2.9 M dioxane, 10 mM sodium formate, 0.42 mM NAD+, 0.60 mM 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride, and 0.33 mM phenazine methosulfate in 0.1 M Tris-hydrochloride (pH 8.5). Formaldehyde was prepared from paraformaldehyde (16) and standardized by using alcohol dehydrogenase (4).
RESULTS
Isolation and identification of microorganisms. Two bacterial strains, C-1 and D2b, which could utilize methanol or formate as the sole carbon source were isolated from enrichment medium after 40 days of acclimation.
The taxonomical characteristics of strain C-1 were as follows. The cells were short rods (0.8 by 1.5 30, 40 , and 50°C, the remaining enzyme activities were 38, 33, and 7%, respectively. Moraxella sp. strain C-1, which could utilize methanol and formate as the sole sources of carbon, exhibited inducible formate dehydrogenase activity when grown on basal medium containing 0.8% (wt/vol) methanol (total enzyme activity, 68 U/liter of culture; specific activity, 0.13 U/mg) and on basal medium containing 1% sodium formate (total enzyme activity, 260 U/ liter of culture; specific activity, 0.51 U/mg). Little enzyme activity was detected when the bacterium was grown on TGY medium (total enzyme activity, 0.6 U/liter of culture; specific activity, 0.001 U/mg). Since Moraxella strains C-1 and D2b appeared to produce stable formate dehydrogenases, they were chosen as likely sources of the enzyme. Purification of formate dehydrogenase from Moraxella sp.
strain C-1. Table 1 summarizes the purification of formate dehydrogenase. The enzyme was purified about 23-fold with an 8.2% yield from the cell extract.
Purity, isoelectric point, and absorption spectrum. The enzyme was found to be homogeneous by polyacrylamide and SDS-polyacrylamide disc gel electrophoresis (Fig. 1) Other properties. The enzyme had broad maximal activity at pH 6.5 to pH 9.0. When the enzyme was kept at 30°C for 1 h with buffers of various pHs, more than 90% of the initial activity was retained at pH 5.2 to pH 9.0. No loss of activity was observed when the enzyme was incubated at 50°C and pH 9.0 for 10 min, and about half of the enzyme activity was lost after incubation at 55°C. The effect of metal ions and inhibitors on the enzyme activity was investigated. The enzyme activity was measured after the enzyme was preincubated at 25°C for 10 min. The enzyme was not affected by chelating reagents (at 10 mM unless otherwise noted), such as EDTA, a,a'-dipyridyl, o-phenanthroline (at 5 mM), and 8-oxyquinoline (at 2 mM). It was markedly inhibited by sulfhydryl and carbonyl reagents such as AgNO3 (at 0.01 mM), HgCl2 (at 1 mM), 5,5'-dithio-bis(2-nitrobenzoic acid) (at 0.033 mM), N-ethylmaleimide (at 1 mM), sodium azide (at 0.1 mM), KCN for N-terminal amino acid sequencing showed that the purified enzyme was approximately 84% pure. The Nterminal amino acid sequence of the main peak was exactly the same as that of the enzyme from Moraxella sp. strain C-1 from amino acid 1 to amino acid 20. Therefore, the segregation of the enzyme from Moraxella sp. strain D2b in several active forms on the polyacrylamide disc gel was probably caused by an artificial deterioration of the enzyme during electrophoresis. The behavior of the enzyme from Moraxella sp. strain D2b in response to heat, pH, and inhibitors was quite similar to the behavior of the enzyme from Moraxella sp. strain C-1, except that the former enzyme was more stable to heat: no loss of activity was observed on heating at 55°C and pH 9.0 for 10 min. The apparent Km values for formate and NAD+ were calculated to be 10.0 mM and 0.18 mM, respectively. DISCUSSION We have described the bacterial distribution of NAD+-dependent formate dehydrogenase, as well as the purification and physicochemical properties of the enzymes from Moraxella sp. strains C-1 and D2b, which were isolated from soil samples acclimated to an alkaline medium containing methanol and formate as the sole carbon sources.
Lower formate dehydrogenase activities are generally detected in methylotrophic bacteria as compared with those in yeasts (14, 15, 28) . Johnson and Quayle (14) detected formate dehydrogenase activities in the cell extracts of Methylobacterium sp. strain NCIB 2879 (formerly Protaminobacter ruber), P. methanica, and Protomonas extorquens (0.11, 0.080, 0.092 U/mg, respectively, at pH 8.4; recalculated from results reported by Johnson and Quayle [14] ). In this study, we could not find a producer of large amounts of stable formate dehydrogenase among the deposited methylotrophic bacteria. Almost no activity was detected in the cell extracts of P. methanica NRRL B-3449, and Protaminobacter ruber NRRL B-1048. Although Ancylobacter aquaticus NCIB 10516 exhibited high total and specific activities of formate dehydrogenase in the cell extract, it was easily inactivated by heat treatments. The enzymes from Moraxella sp. strains C-1 and D2b were found to be fairly stable to heat, pH, and oxygen.
The formate dehydrogenases from facultative or obligate anaerobes are characterized by their complex subunit structure, extreme sensitivity to oxygen, metal contents, utilization of various electron acceptors, etc. (9, 17, 18, 24, 30) . Moraxella formate dehydrogenase is markedly different from the formate dehydrogenases of anaerobes and P. oxalaticus (21) , which are chromophoric iron-sulfur enzymes and are similar to those from the pea (23), methylotrophic yeasts (3, 11, 12, 15, 25) , and A. parvulus (7, 8) , which contain no prosthetic group. In Table 2 , some enzymatic and physicochemical properties of formate dehydrogenase from Moraxella sp. strain C-1 are summarized and compared with those from A. parvulus and P. oxalaticus. The molecular weight of strain C-1 formate dehydrogenase, as determined by HPLC analysis, was found to be about 98,000. The enzyme consists of two identical subunits with molecular weights of about 48,000. The activity of the formate dehydrogenase was strongly inhibited by heavy metal ions such as Ag+, Hg2+, 5,5'-dithio-bis(2-nitrobenzoic acid), N-ethylmaleimide, sodium azide, KCN, and hydroxylamine, suggesting that essential sulfhydryl and carbonyl groups exist in the active site. This observation and the high Km value for formate are the common characteristics of NAD+-dependent formate dehydrogenases of methylotrophic microorganisms (3, 7, 11, 12, 15, 25) , excluding the formate dehydrogenase of P. oxalaticus, which shows a low Km value (21) . The formate dehydrogenase of Moraxella sp. strain C-1 resembles that of A. parvulus with respect to molecular weight, subunit structure, optimum pH, and inhibitors. A single band of the purified enzyme from Moraxella sp. strain C-1 on polyacrylamide gel was observed; it has not been observed with the A. parvulus enzyme (7, 8) . The genus Achromobacter is not defined in Bergey's Manual of Systematic Bacteriology, 1st ed. (5) . According to the old criteria (6), A. parvulus is gram negative, and the cells are nonmotile small rods measuring 0.1 to 0.2 by 0.3 to 0.5 ,um. A. parvulus 1 is a facultatively methylotrophic bacterium (19) , although the details of the cultural and biochemical characteristics are not clear. Our isolates, strains C-1 and D2b, are also facultatively methylotrophic, nonmotile, gram-negative rods which occur mostly in pairs. This morphological character is common in the family Neisseriaceae. Even if the genus Achromobacter is valid now, our isolates should thus be classified as members of the genus Moraxella.
Because the formate dehydrogenases produced by Moraxella sp. strains C-1 and D2b are considerably stable and the enzyme activity per culture is not less than the enzyme activities of methylotrophic yeasts, they should be useful as tools for the regeneration of NADH in the enzyme-mediated organic synthesis of amino acids (1), the enzymatic determi-
